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D
uring the long history of bacteria-plant interactions, Agrobacterium tumefaciens has evolved sophisticated signal cross talk mechanisms to ensure successful infection. Previous studies have shown that the bacterium can perceive a wide variety of plantderived metabolites and transduce them to regulate a particular set of bacterial genes (1) . Succinic semialdehyde (SSA), the metabolite of ␥-aminobutyric acid (GABA), is one such metabolite. SSA has been implicated in the regulation of bacterial quorumquenching activity, the starvation response, and GABA catabolism and consequently affects the severity of plant symptom development (2) (3) (4) (5) .
SSA exerts its function through the proteins encoded by the attJ-attKLM (also named bclR-bclABC) genes. In A. tumefaciens, attJ and attKLM are localized at the same locus in opposite orientations, where attKLM constitute a cotranscribed operon. In the attKLM operon, attK encodes a semialdehyde dehydrogenase, attL encodes an alcohol dehydrogenase, and attM encodes a lactonase. These enzymes convert gamma-butyrolactone (GBL) sequentially to gamma-hydroxybutyrate (GHB), SSA, and succinic acid (SA), the last of which is integrated into the tricarboxylic acid (TCA) cycle (3, 6, 7) . These enzymes also enable A. tumefaciens to metabolize ␥-butyrolactone (GABA) as a sole carbon source for bacterial growth. In addition, AttM efficiently degrades the quorum-sensing (QS) signal acylated homoserine lactone (AHL) and controls the replication and conjugation of Ti plasmid (8, 9) . The transcription of attKLM is repressed by AttJ. AttJ, an IclR-type transcription factor, physically binds to the promoter region of att-KLM and tightly represses its expression. The repression of AttJ is relieved in the presence of SSA (3) . It has been demonstrated that SSA, serving as the cognate ligand, directly binds to AttJ and attenuates its association with the promoter of attKLM. Crystal structural analysis of AttJ further indicates that SSA regulates its DNA-binding activity through protein oligomerization (10) . Thus, supplementation of SSA induces the expression of attKLM, while depletion of SSA suppresses attKLM transcription (2) (3) (4) .
In addition to the role of SSA in activation of attKLM transcriptional expression, several lines of evidence suggest that SSA may also play other regulatory roles. First, the IclR-type transcrip-tional regulators are known to regulate a variety of bacterial activities ranging from carbon metabolism to virulence expression (11) . For example, the regulator IclR represses the genes encoding acetate utilization in Escherichia coli, KdgR is involved in exoenzyme production in Erwinia chrysanthemi, and SggR is associated with sporulation development in Streptomyces coelicolor (12) (13) (14) (15) (16) . Regulation of quorum quenching by AttJ in A. tumefaciens adds another new role of the IclR-type regulators in bacteria. In this regard, it is interesting that an in silico search found more than 16 IclR-type regulators in the genome of A. tumefaciens, suggesting that IclR-type regulators may regulate a wide range of biological activities in this bacterial species. It is not clear yet whether SSA may also influence the functionality of these AttJ homologues. Second, SSA is produced by both eukaryotes and prokaryotes and is implicated in various biological functions. In human, abnormal accumulation of SSA exerts a wide range of adverse effects within the nervous system (17, 18) . In Arabidopsis, a defect in SSA degradation enhances cell death under stressful conditions (19, 20) . In Saccharomyces cerevisiae, mutation of SSA dehydrogenase increases the susceptibility of the microbe to salinity and osmotic and oxidative stresses (21) . In Ralstonia eutropha, disruption of SSA metabolism impairs the ability of the bacterium to metabolize 4-hydroxybutyric acid as the sole carbon source (22) . Third, although current knowledge indicates that A. tumefaciens takes up the plant signaling molecule GABA through a specific importer and converts it to produce SSA (23), a recent study showed that the expression of attKLM could be induced in the presence of wounded plant tissues even if the A. tumefaciens importer of GABA is disrupted (4), suggesting that SSA could be a specific plant signal that can be recognized by the bacterial cells and is worthy of further investigations.
In this study, we conducted microarray analysis to test the impact of SSA on transcriptional expression of the genes in A. tumefaciens. Based on the microarray results, we further performed a series of genetic and biochemical analyses to explore the roles of SSA and regulatory mechanisms in modulation of bacterial physiology. Our results identified a few new functions regulated by SSA, including utilization of C 4 -dicarboxylates, nitrate assimilation, and reactive oxygen species (ROS) resistance. In addition, we showed that functional AttKLM are required for SSA-mediated nitrate assimilation, ROS resistance, and virulence, which strongly suggests that A. tumefaciens could recognize and utilize SSA as a potent plant signal to modulate its survival capability during pathogen-host interactions.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in Table S1 in the supplemental material. E. coli strains were grown at 37°C in LB medium. A. tumefaciens strains were grown at 28°C in LB or in BM medium (8) . For the carbon and nitrogen utilization experiments, bacterial strains specified in the legend to Fig. 2B were freshly grown on LB agar plates. After 16 h, bacterial cells were directly scraped from the plates and suspended in BM medium without carbon or nitrogen sources (10 mM K 2 HPO 4 , 10 mM KH 2 PO 4 , 2.5 mM NaCl, 2 mM MgSO 4 · 7H 2 O, 0.7 mM CaCl 2 , 9 M FeSO 4 · 7H 2 O, pH 7.2). D-Mannitol (0.2%) was the carbon source when KNO 3 (0.2%) was used as the sole nitrogen source, and (NH 4 ) 2 SO 4 was the nitrogen source when malate (0.2%) was the sole carbon source. Chemicals used in this study were purchased from Sigma, and the final concentrations were 0.2 mM unless otherwise specified. The bacterial cells (10 ml of liquid culture) were grown in 50-ml Falcon tubes, and the initial inoculation was at an optical density at 600 nm (OD 600 ) of 0.05, with shaking at 220 rpm at 28°C. The OD 600 values were measured after 24 h of growth. The results are presented as means Ϯ standard deviations (SD) based on three experimental repeats.
RNA preparation for RT-PCR and microarray hybridization. A. tumefaciens strain C58 was used for microarray analysis in this study because of the availability of its genome sequence (24, 25) . Bacterial cells were cultivated in BM medium at 28°C with shaking at 200 rpm and collected for RNA isolation when the OD 600 reached ϳ0.4. The total RNAs were isolated with an RNeasy minikit (Qiagen), and the residual DNAs were removed by RNase-free DNase I (Promega). The absence of residual DNAs was confirmed by the lack of PCR products after 35 cycles of PCR amplification with primers specific for the 16S RNA gene. RNA integrity was monitored by agarose gel electrophoresis, and RNA concentration was measured by a Nanodrop ND-1000 instrument (Nanodrop Technologies). For reverse transcription-PCR (RT-PCR), an aliquot of 0.2 g of total RNA was serially diluted 10-fold and used as the template for onestep RT-PCR analysis (Qiagen). PCR primers used for RT-PCR analysis are listed in Table S1 in the supplemental material.
For microarray hybridization, cDNA was synthesized by using SuperScript II reverse transcriptase (Invitrogen) with 10 g of total RNA and purified by phenol extraction following RNase digestion (NimbleGen Systems). The cDNA molecules were then fragmented into 50 to 200 nucleotides by partial digestion using DNase I (Promega) and labeled with biotin for microarray hybridization. The DNA microarray chips were synthesized by NimbleGen Systems (Madison, WI), and each chip included 4,661 open reading frames (ORFs) of the compiled genome sequence of A. tumefaciens strain C58 (University of Washington). Each ORF was represented by 20 unique and perfectly matched oligonucleotides (24-mer), which were in situ synthesized on the glass slide in duplicate. Therefore, each chip included two sets of 93,220 synthesized oligonucleotides, representing the 4,661 annotated ORFs. Labeled cDNA samples were individually hybridized to the A. tumefaciens C58-specific chips according to the NimbleGen standard procedures.
Microarray data analysis. Following hybridization, the arrays were scanned, and the median signal intensity for each probe on the array was calculated by using NimbleGen's extraction software. For each probe pair, the difference between the perfect match (PM) and mismatch (MM) signal intensities was calculated together with the Tukey biweight mean from the 20 probe pairs for each ORF. The data were then further processed with the tools provided by Bioconductor (http://www.bioconductor.org). Gene calls were generated using the robust multiarray average (RMA) algorithm (26) . The RMA value is the log to base 2, and ratios of SSAtreated to untreated cDNAs were calculated based on normalized data so that the ratio of signal from the SSA-induced sample to that of the untreated sample for a given ORF should represent the relative abundance of the transcripts of that ORF under the two conditions. Unless otherwise stated, the annotated ORFs were retrieved from the BioCyc Database Collection (http://biocyc.org/server.html).
Gene cloning and gene deletion. DNA manipulation and transformation of E. coli were performed according to standard procedures. To generate the suicide plasmid construct pK18-⌬dctA, two DNA fragments were amplified from A. tumefaciens C58 with the primer pair 5=-GCTCTAGATGACAGAGGACTGCGTG-3= and 5=-CGGGATCCC GGTGATGGTCTGCTCATG-3= and the pair 5=-CGGGATCCTTCTG CTGCTCGTGG-3= and 5=-GCTCTAGAAACAGACCGCGAAGACG-3=. After enzymatic digestion and ligation of T4 DNA ligase, the reaction mixture was aliquoted for another round of PCR amplification using the primer pair 5=-GCTCTAGATGACAGAGGACTGCGT G-3= and 5=-GCTCTAGAAACAGACCGCGAAGACG-3=. DNA fragments with predicted sizes were then recovered from a 1% agarose gel, treated with XbaI, and linked into the vector pK18mobsacB that was also treated with XbaI. The resulting pK18-⌬dctA plasmid was screened by PCR and confirmed by DNA sequencing. Similarly, the pK18-⌬dctB1 plasmid was constructed by using the following PCR primers: the pair 5=-GCTCTAGAAATACGCATGCCAGACTTGC-3= and5=-GCTCTAGA GCATAATGTTCGGACATGC-3= and the pair 5=-GCTCTAGACTCGGT CTTGGCCTCGTC-3= and 5=-GCTCTAGAACATCCACATCCGTATCG G-3=.
In-frame deletion of dctA and dctB1 in A. tumefaciens A6 was carried out according to a modification of a procedure described previously (27) . Briefly, the transconjugants were screened on the BM medium containing kanamycin. The purified transconjugants were further selected on fresh BM agar plates containing 5% sucrose. The potential deletion mutants were then identified by loss of kanamycin resistance and PCR confirmation.
NADH/NAD and NADPH/NADP ratio measurement. NADH/NAD and NADPH/NADP ratios were, respectively, measured by NAD/NADH and NADP/NADPH quantification kits (Sigma-Aldrich). Briefly, fresh bacteria were cultivated in minimal medium with or without SSA treatment. Ratios of free NADH/NAD and NADPH/NADP were determined with the method recommended by the manufacturer. The fold changes in the NADH/NAD and NADPH/NADP ratios were derived by dividing the NADH/NAD or NADPH/NADP ratio with SSA induction by the respective ratio without SSA induction.
H 2 O 2 resistance assay. A. tumefaciens strains C58 and A6 were grown in LB medium with or without SSA to an OD 600 of ϳ0.5 and used for subsequent experiments. For an H 2 O 2 sensitivity assay, the cell cultures were added with H 2 O 2 at a final concentration of 20 mM and grown at 28°C with shaking at 200 rpm for 25 min. A serial dilution of bacterial cells was immediately prepared and plated on LB agar plates. Colonies were enumerated after growth for 3 days, and the survival rate of each strain treated with H 2 O 2 was calculated relative to that of the blank control.
Tumorigenicity assay. Fresh bacterial cells grown in LB were collected and washed once and resuspended in phosphate-buffered saline (PBS) buffer at an OD 600 of 1.0. The bacterial suspension was diluted as indicated (see Fig. 7A ), and 5 l of bacterial samples was used to infect leaves of Kalanchoe daigremontiana. The growth conditions and calculation of tumor size were described previously (4, 28) .
RESULTS

Experimental design and microarray measurement.
For identification of the genes modulated by SSA on a genome-wide scale, a DNA microarray was performed on A. tumefaciens C58 in the presence or absence of SSA. Given that the bacterial intracellular SSA could transiently accumulate upon entry into stationary phase (3), we treated the cell culture with SSA at the early stage (OD 600 of 0.5), and RNA samples were prepared from exponentially growing cells to minimize the interference of endogenous SSA. Thus, the results obtained from this study may miss those genes whose regulation requires a specific factor(s) present only in the late growth phase.
The microarray analysis showed that the transcriptional levels of 325 genes, falling into 14 functional categories ( Fig. 1) , were increased by more than 2-fold upon SSA treatment (see Table S2 in the supplemental material). Among these genes, 20% are the ORFs encoding hypothetical proteins. The remaining are the genes associated with protein synthesis, transportation, and energy metabolism, representing 17%, 12%, and 13%, respectively, of the total. In contrast, only 20 genes showed a Ͼ1.5-fold decrease ( Fig. 1 ; see also Table S3 in the supplemental material). These results suggest that SSA may primarily activate rather than suppress gene expression under our experimental conditions.
The microarray data showed that the genes most strongly induced by SSA were attM, attL, and attK, with induction ratios of 21-, 14-, and 9-fold, respectively (see Table S2 in the supplemental material), which is highly consistent with the previous results that SSA is the inducer of the attMLK operon (3). In addition to attKLM, the transcriptional expression of attJ was also increased by about 3.7-fold (see Table S2 ), suggesting an SSA-dependent autoregulatory mechanism that governs AttJ transcription.
SSA promotes C 4 -dicarboxylate utilization. The metabolism of C 4 -dicarboxylates, such as succinate and malate, has received considerable attention in rhizobia because of its important role in promoting bacterial survival in plant hosts (29) . Rhizobial species take up these compounds via a high-affinity C 4 -dicarboxylate transporter encoded by the dctA gene (30) . In Sinorhizobium meliloti, transcription of dctA is induced by C 4 -dicarboxylates via the DctB/DctD two-component system (31) . Additionally, the sigma factor 54 is also implicated in the regulation of dctA (32) . Analysis of the A. tumefaciens genome sequences revealed not only dctA but also two copies of the 54 gene rpoN and two sets of the dctB-dctD paralogs ( Fig. 2A) . Our microarray data showed that dctA transcription was induced up to about 5.8 times by SSA treatment, which was further verified by semiquantitative RT-quantitative PCR (RT-qPCR) analyses (Fig. 1B) . In contrast, the mRNA levels of dctB-dctD and the nitrogen-limiting sigma factor 54 remained unchanged ( Fig. 2A ; see also Table S2 in the supplemental material). Given that DctA is essential for the growth of A. tumefaciens C58 with C 4 -dicarboxylates as the sole carbon source (30), induction of dctA by SSA suggests that SSA may promote C 4 -dicarboxylate utilization in this bacterial species. Therefore, we monitored the bacterial growth with malate as the sole carbon source. Results shown in Fig. 2B indicate that the A. tumefaciens strains C58 and A6 grew poorly when malate was used as the sole carbon source, with the OD 600 reaching about 0.3 after 24 h of growth. In the presence of SSA, however, the growth of the two bacterial strains was substantially boosted, with the OD 600 reaching approximately 0.65. Given that SSA alone could hardly support bacterial growth, these results indicate that SSA is able to promote C 4 -dicarboxylate utilization in A. tumefaciens. When the dctA gene is deleted in the octopine-type A6 strain, the bacterial cells failed to grow with either SSA or malate as the only carbon source (Fig. 2B) . When mannitol or fumarate was used as a carbon source, however, no significant change was recorded in the growth rates between the dctA deletion mutant and the wild-type strain, and both grew well. Taken together, these results indicate that SSA might promote malate utilization by increasing the expression level of its transporter DctA although it could not be ruled out at this stage that SSA may also function through other unknown pathways.
To examine whether attJ-attKLM are involved in the SSA-mediated C 4 -dicarboxylate utilization, we used the corresponding mutants to conduct growth tests. As shown in Fig. 2C , the wildtype and ⌬attJ strains grew poorly when SSA was added under these experimental conditions, whereas no growth was recorded for the ⌬attKLM and ⌬attJ⌬attKLM strains. These results suggest that attKLM are essential for SSA-supported bacterial growth. When malate was added alone as the sole carbon source, however, all the tested mutants exhibited growth rates similar to the growth rate of the wild type, indicating that neither attJ nor attKLM is involved in malate metabolism. Furthermore, when SSA and malate were added together, all the tested mutants grew well, with growth at a rate comparable to that of the wild type. Taken together, these results suggest that SSA-promoted malate utilization is dependent on the DctA transporter but independent of the functions encoded by the attJ-attKLM gene cluster.
SSA promotes nitrate assimilation. In bacteria, the nitrate assimilation pathway generally involves four steps (33) . Nitrate is first reduced by a nitrate reductase into nitrite and then ammonia, which is further converted into glutamate by glutamine synthase and glutamate synthase (Fig. 3A) . Microarray results showed that the genes encoding nitrate reductase, ammonia transportation, and glutamine synthase were significantly induced by SSA treatment (Fig. 3B) , suggesting that SSA may be involved in nitrate assimilation. With validation by RT-PCR (Fig. 1B) , we examined the growth of A. tumefaciens by using potassium nitrate (KNO 3 ) as the sole nitrogen source and mannitol as the carbon source. As shown in Fig. 3C , both the nopaline strain C58 and the octopine strain A6, similar to other rhizobial species, could use KNO 3 as the sole nitrogen source for growth (34) . Addition of SSA to the same medium significantly promoted the growth of both strain C58 and strain A6. As a control, SSA alone, as expected, could not support bacterial growth in the absence of a nitrogen source. Moreover, when the nitrogen source was changed to (NH 4 ) 2 SO 4 , SSA failed to promote bacterial growth (see Fig. S1 in the supplemental material). Cumulatively, the above findings established the specific role of SSA in promoting nitrate assimilation in A. tumefaciens through transcriptional upregulation of the related genes.
AttK and AttL, but not AttM, are responsible for the SSA-mediated nitrate assimilation. To examine whether AttJ-AttKLM are involved in the SSA-mediated nitrate assimilation, we used the attJ-attKLM mutants to investigate bacterial growth using nitrate as the sole nitrogen source. Results showed that the wild-type strain and its mutants grew at similar rates without SSA. In contrast, addition of SSA significantly boosted the growth of the wildtype strain and the ⌬attJ mutant, whereas the ⌬attKLM and ⌬attKLM ⌬attJ mutants failed to respond to SSA and had growth rates similar to those in the absence of SSA (Fig. 4A) . To determine which gene in attKLM is responsible for the SSA-promoted nitrate assimilation, we constitutively expressed the corresponding individual genes in the ⌬attKLM mutant. Results showed that expression of attK or attL could partially restore the bacterial response to the level of that with SSA treatment (Fig. 4B) . In contrast, overexpression of attM displayed no significant effect as the ⌬attKLM (attM) strain grew similarly with or without SSA (Fig. 4B) . We also expressed attK, attL, and attM separately in the ⌬attKLM ⌬attJ strain in which attJ was further mutated in the background of ⌬attKLM. Similar to the results for the ⌬attKLM strain, overexpression of attK or attL but not of attM restored the bacterial response to SSA (Fig. 4C) . Sequence analyses indicate that both attK and attL encode homologues of dehydrogenases, but it is not yet clear how these two dehydrogenases are involved in nitrate utilization.
In addition to AttK, AldH was also demonstrated to convert SSA to SA, and inactivation of aldH in the ⌬attK strain led to accumulation of SSA in A. tumefaciens (3, 7) . To test the potential involvement of AldH in assimilation of C 4 -dicarboxylates and nitrates, the aldH gene was deleted from the mutant ⌬attKLM strain, and bacterial growth was examined accordingly. With nitrate as the sole nitrogen source, the growth of the mutant lacking both attK and aldH was indistinguishable from that of the mutant lacking only attK (see Fig. S2 in the supplemental material). However, no growth of the ⌬attKLM ⌬aldH strain was observed with exog- tumefaciens. Bacterial growth of A. tumefaciens A6 and its mutants was determined using KNO 3 as the sole nitrogen source. OD 600 values were recorded for cells cultured with shaking at 220 rpm at 28°C for 24 h. Open bars, no SSA added; filled bars, SSA added. Error bars denote standard deviations. enous addition of SSA, even at a concentration as low as 20 M (see Fig. S2 ). These results suggest the attK aldH double deletion mutant was highly sensitive to the toxicity of SSA. Further experiments are required to study the biological significance of AldH in A. tumefaciens physiology.
SA promotes nitrate utilization in an attJ-attKLM-independent manner. It has been proposed that attK functions as a dehydrogenase which converts SSA into SA for the tricarboxylic acid (TCA) cycle. The requirement of attKLM for SSA-promoted nitrate assimilation tempted us to test whether SA, the hydrolyzing product of SSA, could also induce bacteria to use nitrate as the sole nitrogen source. The results showed that, similar to SSA, SA promoted the bacterial growth of the wild-type strain and the attJ mutant to an extent that was statistically significant, but growth was less than that with SSA (P Ͻ 0.005, t test). However, SA also promoted bacterial growth of ⌬attKLM and ⌬attKLM ⌬attJ strains, which was different from the results with SSA (Fig. 5A) . As a comparison, we further investigated whether other carbon sources could also promote bacterial growth with nitrate as the sole nitrogen source. The results showed that only SSA and its product SA could promote nitrate assimilation by the wild-type strain A6, whereas other C 4 -dicarboxylates, including malate and ␣-ketoglutaric acid, and common carbon sources, such as mannitol, glucose, and fructose, failed to promote nitrate assimilation (Fig. 5B) . Altogether, these results suggest that SA, like its precursor SSA, is able to induce bacteria to assimilate nitrate for growth, and this promotion effect of SA is independent of the attJ-attKLM operon.
In A. tumefaciens, AttK is an enzyme supposed to convert SSA into SA, and this conversion is accompanied by the oxidation of NAD(P)H. Results showing that SA promoted bacterial growth encouraged us to examine the changes in abundance of NAD(P)H in bacterial cells in the presence or absence of SSA. First, we treated bacterial cells with SSA and determined the changes in the NADH/ NAD and NADPH/NADP ratios. As shown in Fig. 5C , no significant change was recorded for the NADH/NAD ratio in wild-type strain A6 and its attJ-attKLM mutant with and without SSA treatment. For the NADPH/NADP ratio, however, addition of SSA led to a 3-fold increase in the wild-type strain over the level of the blank control without SSA. In the ⌬attJ mutant, the SSA-induced increase in the NADPH/NADP ratio appeared even higher than that of the wild type, with about a 4.5-fold increase above the level of the control without SSA. When attKLM was mutated, however, this SSA-stimulated increase vanished, as shown by results for the ⌬attKLM and ⌬attKLM ⌬attJ mutant strains (Fig. 5C ). Although purified AttK has been found to prefer NADH over NADPH as a cofactor in vitro (3, 7), our results demonstrate that SSA treatment significantly affected the intracellular ratio of NADPH/NADP but not of NADH/NAD, and the SSA-induced change in the NADPH/ NADP ratio is heavily dependent on the functions encoded by attKLM.
SSA adapts bacteria to hydrogen peroxide protection. In various bacteria, nitrate assimilation and changes in the NADPH/ NADP ratio are closely associated with the generation of reactive oxygen species (ROS) (35) . ROS, such as a superoxide anion radical (O 2Ϫ ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (HO Ϫ ), are unavoidably generated during normal respiratory processes, and they can damage diverse cellular molecules (36) . To protect against ROS-induced damage, bacteria have evolved sophisticated molecular mechanisms to sense ROS levels and synthesize enzymes such as catalase and superoxide dismutase (SOD), small proteins like thioredoxin (Trx) and glutaredoxin (Grx), and oligomeric proteins such as bacterioferritin (Bfr) (37) (38) (39) . SOD catalyzes O 2Ϫ to H 2 O 2 and H 2 O, and catalase converts H 2 O 2 to O 2 and H 2 O 2 , both of which directly reduce the toxicity of H 2 O 2 and prevent the formation of hydroxyl radicals via the Fenton reaction (40) . Trx and Grx are the protein disulfide reductases which serve as electron donors for enzymes such as peroxiredoxins (Prx) and sulfoxide reductases and therefore protect against oxidative damage (38, 41, 42) . Bfr, on the other hand, oxidizes excess ferrous ions and protects bacterial cells against the oxidative stress associated with ferrous ions (43) .
A. tumefaciens contains two catalases (KatA and CatE), three SODs (SodB, SodF, and Atu4583), two Trxs (Atu0022 and Atu3698), two Grxs (Atu0068 and Atu3511), and three Prxs (Atu1480, Atu0779, and Atu2399) (44) (45) (46) . Our microarray results showed that addition of SSA did not affect transcriptional expression of the genes encoding catalases and the regulator OxyR (47), indicating that direct detoxification of H 2 O 2 is unlikely modulated by SSA in A. tumefaciens. However, the transcript levels of sodF, the Trx gene atu0022, the Grx gene atu0068, the Prx gene atu0779, and the Bfr gene atu2771 were significantly elevated with SSA treatment (Fig. 6A) , suggesting that SSA may be involved in regulation of oxidative protection. To test this possibility, we carried out an H 2 O 2 killing assay and found that the SSA pretreatment could significantly protect bacterial cells against the oxidative reagent. As shown in Fig. 6B , preexposure of the nopaline strain C58 to SSA conferred a greater than 10-fold increase in resistance to the lethal dosage of H 2 O 2 over levels in the untreated cells. Similar results were also observed for the octopine strain A6 (Fig. 6B) . Mutation of attJ did not affect the SSA-induced bacterial resistance to H 2 O 2 . However, deletion of attKLM entirely abolished this SSA-mediated resistance (Fig. 6B) , suggesting a key role of attKLM and SSA in modulation of the bacterial defense against oxidative stresses. attJ-attKLM regulate the tumorigenicity of A. tumefaciens. To further study the physiological role of attJ-attKLM, we analyzed bacterial virulence by infecting the plant host Kalanchoe daigremontiana. We grew the wild-type and mutant strains in LB medium. After cells were washed with PBS, different amounts of bacterial cells were inoculated into the wound sites of K. daigremontiana. We found that both the wild-type and ⌬attJ mutant of octopine-type A6 readily incited plant tumors with an inoculum of 10 6 cells, while the ⌬attKLM and ⌬attKLM⌬attJ mutant strains hardly developed any plant tumors. With an inoculum of 10 5 cells, however, the wild type could not induce tumors, consistent with the previous results showing that the A6 strain is less virulent than the C58 strain. In contrast, the ⌬attJ strain continued to induce tumors even with an inoculum of 10 4 cells, indicating a stronger virulence than that of the wild-type and the attKLM mutant strains (Fig. 7A) . Analyses of tumor weights also confirmed that overexpression of attKLM by inactivation of the repressor gene attJ enhanced bacterial virulence and that mutation of attKLM impaired the development of plant tumors (Fig. 7B) . These results appeared different from the findings of a previous study, in which the nopaline strain C58 was used to infect tobacco plants, and the results showed that the virulence of the attM mutant was similar to or even greater than that of the wild-type strain (4, 48) . Strain specificity or a difference in host plants may explain this discrepancy, given that different plant hosts react differently to infections by different A. tumefaciens strains (49) .
DISCUSSION
Previous results suggest that SSA, a metabolic intermediate of GABA, functions as a ligand of AttJ and induces the expression of attKLM, which leads to disruption of the QS signaling of A. tumefaciens during plant infections (4). However, a recent finding that attKLM does not affect Ti plasmid conjugation in plants argues the biological significance of SSA in regulation of bacterial virulence (50) . In this study, we used the combined application of microarray and genetic analyses to understand the roles of SSA in regulation of bacterial physiology and virulence, and our results revealed three new biological functions influenced by SSA, i.e., promoting C 4 -dicarboxylate utilization, nitrate assimilation, and ROS resistance in A. tumefaciens. Unlike its related metabolites GABA and SA, SSA could not support bacterial growth when supplied as the sole carbon source (Fig. 2) , which seems to exclude the possibility that SSA promotes the utilization of malate and nitrate to support bacterial growth through its downstream metabolite SA.
In addition to modulation of quorum quenching and GABA metabolism, our results demonstrate that SSA plays additional roles through two different types of mechanisms to promote the bacterial survival capability (Fig. 8) . First, SSA, independent of the attJ-attKLM genes, induces the expression of the C 4 -dicarboxylate importer dctA and hence promotes the utilization of TCA intermediates (Fig. 2) . It has been known that C 4 -dicarboxylates are abundant in wound sites and plant tumors, and the transporter dctA is regulated by the two-component system DctB/DctD in bacteria (31) . In its genome, A. tumefaciens carries two sets of the DctB/DctD pair, with one located on the cell membrane and one in the cytosol (see Fig. S3 in the supplemental material). Our results showed that SSA induced dctA transcription independent of the attJ-attKLM genes, suggesting that SSA may bind to the membrane-bound DctB/DctD and consequently induce the expression of DctA, which imports the plant-produced C 4 -dicarboxylates, including SSA, leading to attKLM induction and utilization of C 4 -dicarboxylates. Consistent with this notion, inactivation of dctB1 reduced the bacterial growth rate when malate was supplied as the sole carbon source, and supplementation of SSA had no effect on the ⌬dctB1 strain (see Fig. S5 in the supplemental material). While these results demonstrate the importance of DctB1 in the SSA-mediated promotion of C 4 -dicarboxylate utilization and nitrate assimilation, further characterization of DctB1 and DctB2 is required to provide a clear understanding of their physiological roles.
Second, our results revealed that SSA could promote nitrate assimilation in an attJKLM-dependent manner. Once inside bacterial cells, SSA acts as a signal directly binding to AttJ to activate the expression of attKLM (3), and their products AttK/AttL/AttM work together to metabolize GABA to support bacterial growth. Additionally, AttM functions as an AHL-lactonase to degrade QS signal and terminate or postpone the QS-dependent replication and conjugation of Ti plasmid (4, 8, 9, 48, 51) . We showed in this study that conversion of SSA to SA could also influence the bacterial redox status, as reflected by the increased NADPH/NADP ratio, which was accompanied by enhanced nitrate assimilation (Fig. 3 to 6 ). Under normal conditions, nitrate is not a preferred nitrogen source for A. tumefaciens, but it is a major nitrogen source for plant growth and functions as a critical signal molecule regulating the whole plant development process (52) (53) (54) . Nitrate is mainly taken up from the soil by plant roots, stored in vacuoles, and accumulated at the wound sites for healing (55) . It has been reported that nitrate is capable of increasing the number of tumors on inoculated plant hosts by 200% (56) . During infection, A. tumefaciens inevitably encounters nutrient starvation, and it is conceivable that this bacterium has evolved the SSA-AttJKLM system to take advantage of the nitrate compounds. At present, the precise mechanism by which SSA promotes nitrate assimilation is not clear. In A. tumefaciens, genes for nitrate assimilation are mainly located in two clusters (see Fig. S2 in the supplemental material). Our microarray results show that the majority of these genes are upregulated by SSA. In various bacteria, nitrate-assimilating genes are regulated by the nitrogen-limiting sigma factor RpoN (57) . Unlike other sigma factors such as RpoS and RpoH, RpoN requires an extra coactivator for gene activation (58) . In the case of the nitrogen-assimilating genes, this coactivator has been identified as the response regulator of the DctB/DctD two-component system. Interestingly, sequence analyses revealed that glnK and glnB, like the dctA gene, contain typical DNA motifs for DctD binding in their promoter regions (see Fig. S4 in the supplemental material). Similar to dctA, SSA may activate the nitrate-assimilating genes by activating the DctB/DctD two-component system. However, unlike the expression of DctA, SSA-mediated nitrate assimilation is dependent on the function of attKLM, and the SSA-hydrolyzing product SA can also promote bacterial nitrate assimilation, suggesting that the intracellular SA but not SSA itself is the direct signal for this phenomenon. Given that two sets of the DctB/DctD system are present with different localizations in A. tumefaciens, it is most likely that one DctB/DctD pair specifically senses extracellular SSA on the cell membrane and that the other specifically senses intracellular SA in the bacterial cytosol. Intracellular SA may directly bind to DctB/DctD and activate the expression of glnB and glnK, thus inducing the nitrate response. It is also possible that SA, which was converted from SSA, revamps the central metabolism of A. tumefaciens and alters the level of other metabolic regulators such as glutamate and acetate, which are responsible for the nitrate response.
In addition to modulation of C 4 -dicarboxylates and nitrate utilization, our results showed that SSA also contributes to ROS resistance and bacterial tumorigenicity (Fig. 6) . For plants, a ROS burst is an early response to bacterial infection, where huge amounts of ROS are rapidly produced at the wound sites to directly kill the invading bacterial pathogens at the early stage of infection (59) . Our results indicate that SSA could protect bacteria from killing by ROS. This finding results from the observation that conversion of SSA to SA is associated with the change in the NADPH/NADP ratio. NADPH usually serves as an electron donor for the respiratory chain; its oxidation inevitably produces ROS. At a sublethal concentration, ROS might trigger the protective mechanism of A. tumefaciens against subsequent oxidative stresses (60). It is not yet clear how SSA exactly activates this protective response. Given that the SSA-induced protection from ROS stress is dependent on the presence of attKLM, it is likely that SSA may need to be converted into succinate, which may increase the NADPH/NAD ratio and the ROS level and subsequently induce the expression of protective systems.
During a long history of coevolution with plants, A. tumefaciens has evolved complicated signaling and regulatory networks for establishing a successful infection. The SSA-regulated attJ-attKLM signaling pathway is one such example. The findings from this study allow us to propose a signaling and regulatory working model for SSA (Fig. 8) . During A. tumefaciens infection, the plant-derived SSA is sensed by the membranebound sensor DctB1 of the bacterial pathogen, which leads to activation of the response regulator DctD1 and, consequently, induces the expression of dctA. The transporter DctA imports SSA into bacterial cells and induces the expression of attKLM by binding to the transcriptional repressor AttJ. While AttK/AttL/AttM work together to metabolize GBL to support bacterial growth as nitrogen and carbon sources, AttM also works alone as an AHLlactonase to quench the QS system and provide fine control of the bacterial energy-consuming processes, such as Ti plasmid replication and conjugation. In addition, expressed AttK converts SSA into SA, which not only detoxifies the high concentration of SSA but also influences the NADPH/NADP ratio. Functioning as an intracellular signal, SA is sensed by the cytosolic sensor DctB2 and activates the corresponding regulator DctD2, which subsequently expresses the nitrate-assimilating genes and promotes bacterial resistance to oxidative stresses. While the detailed molecular mechanisms of this working model await further experimental validation, it is clear from the findings of this study that SSA could be a potent plant signal which modulates bacterial physiology and contributes to the survival capability and tumorigenicity of A. tumefaciens during infection.
